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Introduction
High-energy ultrashort THz pulses are of great current interest owing to their applications in biomedical imaging [1] , THz nonlinear spectroscopy [2] including ultrafast magnetization dynamics study [3] , and characterization of ultrashort electron and X-ray pulses [4] . In spite of the significant progress that has been made in the development of THz techniques during the last 10 years, generation of powerful single-cycle THz pulses in the 3-9 THz range is still a challenging task. Intense THz pulses in this frequency range are required for many scientific purposes, for example, for studying the nonlinear susceptibility of polar semiconductors and dielectrics in the vicinity of the fundamental lattice vibrations [5] . At present, high-energy (up to 175 μJ, delivered by a mobile THz source [6] ) near-single-cycle pulses with an average frequency below 1.5 THz can be generated by optical rectification of femtosecond laser pulses with tilted pulse fronts in a lithium niobate crystal [7] . Attempts to use this technique for obtaining THz pulses with higher frequencies result in a significant drop in the conversion efficiency [8] , which mainly occurs due to the strong increase of THz absorption in lithium niobate above 2 THz even at cryogenic temperatures [9, 10] . Near-single-cycle THz pulses in the frequency range of 3-9 THz can be generated by two-color photoionization in gases [11] but in this frequency range, the laser-to-THz conversion efficiency is not high enough to provide generation of high-energy THz pulses. Organic crystals have recently been shown to emit efficiently across the 1-10 THz range [12] [13] [14] [15] [16] [17] . Pumped with a near infrared laser (1.3-1.5 μm) excellent phase-matching provides high conversion efficiency (1-2%) and large THz pulse energies (<50 μJ).
In practice, a pump scheme based just on a Ti:sapphire amplifier is technically easier to handle than a pump at 1.5 μm as the latter requires an additional nonlinear frequency conversion stage (typically a multi-stage optical parametric amplifier). This leads to a significant increase of the overall complexity and source instabilities. Recently broadband terahertz pulses were demonstrated from DAST and DSTMS crystals pumped directly at Ti:sapphire wavelength [17] . Unfortunately the laser-to-THz energy conversion efficiency is about 2 orders of magnitude lower than for a 1.5 μm pump as a different crystal orientation is Moreover, at the crystal orientation corresponding to the 111 OR  application the best phasematching appears at the pump wavelengths between 0.70 and 0.72 μm, which are difficult to obtain directly from the Ti:sapphire amplifier.
To increase the THz output the use of a DAST/SiO 2 multilayer structure [ Fig. 1(b) ] was recently proposed [18] . We should note, that this structure provides phase correction in a way which differs from the widely used quasi-phase-matching technique [19, 20] [23, 24] . The domain inversion in quasi-phase-matching structures [ Fig. 1(c) ] results in a phase shift of 180 degrees. For this reason the proposed DAST/SiO 2 multilayer structure allows generation of near single THz pulses, whereas periodically poled quasiphase-matching structures usually provide generation of multi-cycle THz pulses [20] . Due to the relatively small difference in refractive index between DAST and quartz, the reflection of the generated THz wave at the DASTSiO 2 interface is about 0.2%. Whereas, the laser pump pulse reflection at the DAST SiO 2 interface is about 4.6%, which substantially limits the number of layers in the structure. The use of a DAST/SiO 2 multilayer structure allows employing the 111 OR  = 1230 pV/m of DAST [21] at 0.8 μm which is significantly higher than that at 1.5 μm (490 pV/m) [21] . In a previous paper [18] , it was speculated that the use of femtosecond laser pulses at 800 nm rather than two monochromatic waves would provide generation of near-single-cycle THz pulses in a DAST/SiO 2 multilayer structure. However, the time profiles and spectra of THz pulses obtained with this method were not explicitly shown.
In this paper we present a profound numerical study on near-single-cycle THz pulse generation via collinear phase-corrected optical rectification of 800 nm femtosecond laser pulses in a series of different DAST/SiO 2 multilayer structures [ Fig . We show that modifications of the thicknesses of the DAST and SiO 2 layers allow broadband emission at variable bandwidth and tuning of the average frequency of the generated THz pulses in the frequency range from 3 to 6 THz while offering a pump-to-THz conversion efficiency about an order of magnitude higher than for bulk DAST pumped at 800 nm.
Model
The model developed for assessing the THz generation in the DAST/SiO 2 multilayer structure is based on the undepleted pump approximation. The energy losses of a laser pump pulse due to the reflection at the DAST/SiO 2 interfaces and the broadening of the laser pulse duration due to propagation in the DAST layers have been taken into account. At the orientation providing the highest OR nonlinear susceptibility the DAST crystal has relatively strong dispersion around 0.8 μm. According to our estimations, propagation of the 30 fs, 0.8 μm laser pulse though 90 μm of DAST results in increase of the laser pulse duration up to 75 fs. The laser pulse temporal broadening leads to a decrease in the generation efficiency and a shift of the THz pulse average frequency to the low frequency range. Recently this phenomenon was confirmed experimentally [17] .
The nonlinear wave equation describing THz-wave generation by difference frequency mixing of the laser pump pulse Fourier components (E(ω L + ω THz ) and E(ω L )):
was solved numerically. E(z, ω THz ) is the Fourier component of THz pulse field at the frequency ω THz , α(ω THz ) and n(ω THz ) are the THz absorption coefficient and refractive index of the DAST crystal, d eff is the coupling constant, and Δk is the wave vector mismatch (Δk = k(ω THz + ω L ,) -k(ω L ) -k(ω THz )). All parameters of the DAST crystal (α(ω THz ), d eff , n(ω THz ), and n(ω L )) have been taken along the a-axis [21, 22] . The calculations were performed for individual Fourier components of THz pulse field in the frequency range of 0.7-10.5 THz. The final THz pulse shape was obtained by composition of the spectral components. For the quartz plates, we consider the orientation with the optical axis perpendicular to the plate face (ordinary ray geometry) because in this case its refractive index is not sensitive to the azimuth orientation of the quartz plates in the structure. This orientation of the quartz plates, to our mind, simplifies the DAST/SiO 2 multilayer structure manufacturing. As a downside, the ordinary ray absorption in the quartz crystal has a strong line at 7.9 THz, which is absent in the case of extraordinary ray absorption [24] .
For the calculations, we used a 30 fs, 800 nm laser pulse, because it offers a pump pulse bandwidth large enough to support THz frequencies up to 10 THz by optical rectification. Today such laser pulses are delivered by commercially available high-power femtosecond laser systems. In order to maintain the validity of the undeleted pump approximation, a pump intensity of 1.5 GW/cm 2 was used, which is about 100 times less than the typical experimental value [12] . The calculations were performed for three different DAST/SiO 2 multilayer structures and for a DAST quasi-phase-matching sample. The properties of the studied multilayer structures are summarized in Table1.
The thickness of a DAST layer is optimized in order to get desired THz signal output (either maximal intensity, either central frequency). In order to get maximal conversion efficiency regardless of frequency [case ii in Fig. 4 ] the thickness of each DAST layer is determined as the position where phase mismatch starts to be dominating and THz intensity starts decreasing. On the other hand, when a THz wave with a particular central frequency is sought [cases i and iii in Fig. 4 ], the thickness of each DAST layer is determined iteratively as the optimal tradeoff between conversion and position of the output spectrum. Different thickness for the SiO 2 layers were initially tested, corresponding to SiO 2 /DAST values ranging from 1.4 to 1.8. The value selected (1.54) corresponds to the best phase matching between fundamental wave and the THz wave at the beginning of the next DAST layer in the frequency range of interest. The thicknesses of the DAST and SiO 2 layers in a structure are changing because of the decrease of the laser pulse intensity due to the reflection at the DAST/SiO 2 interfaces and the temporal pulse broadening.
Results and discussion
The time profile and spectrum of the THz pulse generated by multilayer structures (i-iii) and by a quasi-phase-matching periodically poled DAST crystal (iv) are shown in Fig. 2 and Fig.  3 , respectively. The vertical lines in Fig. 3 show the average frequencies of the spectra. Fig. 2 . Temporal profiles of THz pulses calculated for three different DAST/SiO2 multilayer structures (curves i, ii, and iii; see text for details) and for a quasi-phase-matching periodically poled DAST crystal (curve iv). Fig. 3 . FFT spectra of THz pulses calculated for three different DAST/SiO2 multilayer structures (i, ii, and iii; see text for details) and for a quasi-phase-matching periodically poled DAST crystal (iv). Figure 4 represents the laser-to-THz energy conversion efficiency as a function of laser pulse propagation distance, calculated for three different DAST/SiO 2 multilayer structures (traces i, ii, and iii), a quasi-phase-matching periodically poled DAST crystal (trace iv), and a bulk DAST crystal (trace v). In the bulk DAST crystal, the laser-to-THz energy conversion efficiency begins to decrease after a propagation distance of 15 μm, because of a lack of phase-matching. In order to overcome this decrease of the laser-to-THz energy conversion efficiency, we suggest the use of a DAST/SiO 2 multilayer structure, which is capable of counteracting the phase mismatch appearing in different layers. The step-like periodic decrease of the energy conversion efficiency shown in Fig. 4 (curves i and ii) occurs due to absorption of the generated THz waves in the quartz layers. The first DAST/SiO 2 structure (i) was optimized for obtaining near-single-cycle pulses with an average frequency of 6 THz. In this case we obtained the broadest THz spectrum covering the entire range of 1-10 THz [curve i in Fig. 3 ]. The strong dips in the pulse spectrum at 7.9 and 8.5 THz appear due to absorption lines in the quartz and DAST crystals, respectively. The resulting temporal shape is near to single-cycle [curve i in Fig. 2] . Due to the small number of DAST layers the conversion efficiency is limited but still 4.5 times higher than that of a 15 μm bulk DAST crystal [Fig. 4, curves i and v] . A larger conversion efficiency can be achieved by stacking a larger number of DAST/SiO 2 layers (structure ii). However, an increase in the number of structure layers results in a shift of the average THz frequency lower than 6 THz owing to the temporal broadening of the femtosecond laser pulses propagating in the DAST layers.
The second DAST/SiO 2 multilayer structure (ii) was optimized for obtaining the highest laser-to-THz energy conversion efficiency. In this case, we obtain near-single-cycle THz pulses [curve ii in Fig. 2 ] with an average frequency of 4.3 THz [curve ii in Fig. 3 ]. This structure provides conversion efficiency about 6 times higher than a 15 μm bulk DAST crystal [curves ii and v in Fig. 4 ].
The third DAST/SiO 2 multilayer structure (iii) was designed for the generation of nearsingle-cycle THz pulses with an average frequency of about 3 THz [curve iii in Fig. 3] . The structure provides the conversion efficiency about 2.5 higher than that obtained with a 15 μm bulk DAST crystal.
Finally, the time profile and spectrum of the THz wave generated in a quasi-phasematching DAST crystal consisting of three periodically polled layers are show in Fig. 2 (curve iv) and Fig. 3 (curve iv) , respectively. The thickness of the polled DAST layers was chosen to obtain efficient generation at 4 THz.
Presently, manufacturing a DAST/SiO 2 multilayer structure is a difficult task, mainly because of the problems related with growing large-aperture thin (10 -20 μm) DAST crystal layers with well controlled thicknesses and crystallographic orientation. However, due to the increasing demand, the technology of nonlinear organic crystal growth is developing fast. Growing of 3 μm single crystal films of DAST with an area of 30-40 mm 2 on a quartz substrate using a modification of the shear method was reported [25] . From the paper it remains unclear whether this method allows growing thinker DAST films or not. One of the methods for manufacturing the DAST/SiO 2 multilayer structure can be growing a few DAST/SiO 2 double layers with required thicknesses and then stacking them together in vacuum in order to avoid air bubbles formation at the DAST/SiO 2 interfaces. Recently the growth of 23 μm film of organic salt crystal DASC and its application for THz generation was demonstrated [26] . DASC has optical properties similar to DAST and could be used for multilayer structure manufacturing as well.
Conclusion
We have presented a model calculation showing that DAST/SiO 2 multilayer structures can be used for the efficient generation of near-single-cycle electromagnetic pulses in the 2-9 THz frequency range via collinear optical rectification of 800 nm femtosecond laser pulses. According to our calculations, the proposed structure provides higher laser-to-THz energy conversion efficiency than a bulk and quasi-phase-matching periodically poled DAST crystals pumped at Ti:sapphire wavelength. Tailoring the multi-layer structure gives novel opportunities to spectral shaping the THz radiation. Once the technological hurdles in productions are overcome, we are convinced that the proposed scheme offers a simple way for obtaining high energy near-single-cycle THz pulses with average frequency tunable in a frequency range which is difficult of access today.
